Introduction
Mitochondria are intracellular organelles found in every human cell that are responsible for generating energy in the form of adenosine triphosphate (ATP). Mitochondria are composed of approximately 1500 proteins, of which approximately 300 are necessary for oxidative phosphorylation and only 13 are encoded by mitochondrial DNA (mtDNA). Most mitochondrial proteins are encoded by the nuclear DNA (nDNA) and must be transcribed, translated, targeted to mitochondria, imported, and then folded and assembled properly in order to carry out normal functions [1, 2] .
There are a total of five enzyme complexes in the inner mitochondrial membrane that carry out oxidative phosphorylation (OXPHOS): 1) nicotinamide adenine dinucleotide (NADH)/coenzyme (Co)Q oxidoreductase (complex I); 2) succinate/CoQ oxidoreductase (complex II); 3) cytochrome C reductase (complex III); 4) cytochrome C oxidase (complex IV); and, 5) ATP synthase (complex V). The transfer of electrons moves from complex I and complex II to CoQ to complex III to complex IV releasing oxygen and water. The protons are pumped across the inner mitochondrial membrane generating an electrochemical gradient that allows protons to flow back from the intermembrane space into the mitochondrial matrix through complex V to make ATP [1, 2] .
Complex I has approximately 45 polypeptides: 7 encoded from mtDNA and the others encoded by nuclear DNA. Complex II consists of 5 polypeptides, all encoded by nuclear DNA. Complex III is made up of 11 subunits, only 1 from mtDNA; complex IV has 13 polypeptides, 3 encoded by mtDNA; and complex V contains 17 subunits, of which 2 are encoded by mtDNA [1] .
Other than the generation of energy, mitochondria also function in fatty acid and amino acid oxidation, heme and pyrimidine synthesis, calcium homeostasis, and apoptosis [1, 2] .
The incidence of mitochondrial diseases was estimated at 11.5/100,000 (1:8500) worldwide in 2000. In 2006 the incidence of respiratory chain defects was predicted to be 1:5000 [3] . In 2008, the incidence of "at-risk" carriers of mtDNA mutations in the UK was estimated at 1:10,000 adults, the equivalent of 1:200 persons [3, 4] .
Approximately 4 million children are born each year in the USA with up to 4000 expected to develop a mitochondrial disease. Additionally, more than 50 million adults in the USA suffer from diseases in which primary or secondary mitochondrial dysfunction is involved [3, 4] . Mitochondrial dysfunction has been identified in cancer, infertility, diabetes, heart diseases, blindness, deafness, kidney disease, liver disease, stroke, migraine, dwarfism, and resulting from numerous medication toxicities. Mitochondrial dysfunction is also involved in normal aging and age-related neurodegenerative diseases, such as Parkinson and Alzheimer diseases [1, 2] .
Mitochondrial disorders should be considered any time a progressive multisystem disorder is suspected and sometimes for isolated symptoms, such as optic atrophy, sensorineural deafness, cardiomyopathy, diabetes, pseudo-obstruction, neuropathy, myopathy, liver disease, early strokes, or seizures [1, 5] .
It is now known that disease can occur across the lifespan secondary to the developmental regulation of many mitochondrial proteins. Secondary mitochondrial dysfunction may also be affected by environmental toxins or medication toxicities. Carrier proteins acting as chaperonins and mitochondrial fusion/fission abnormalities have reported to cause mitochondrial diseases [3] . Tissue-specific mtDNA changes make it hard to diagnose mitochondrial diseases using only noninvasive blood or urine studies. Additionally, clinical presentations of some mitochondrial diseases, such as Leber Heritary Optic Neuropathy (LHON), and sensorineural deafness may be affected by gene-gene interactions [3, 6] .
When the mitochondria do not function properly, they cause symptoms usually presenting in the organs with the highest energy needs, such as brain, cranial and/or peripheral nerves, skeletal muscle, heart muscle, endocrine glands, and/or the kidneys [4] . These diseases are highly variable and progressive, leading to significant morbidity and early death. Current treatment is most often supportive and may include vitamin cofactors, nutritional manipulations, and exercise [1, 2] . To date, only small clinical trials have been performed, with primary outcome measures most often focusing on improved muscle strength and/or endurance, biochemical markers of disease when known, and quality of life assessments. In a recent Cochrane review of the treatment for mitochondrial disorders, very few randomized clinical trials could pass scrutiny, and these studies could not be compared well owing to heterogeneous study groups, different dosing regimens, statistical challenges, and a poor understanding of natural history of mitochondrial disease [7] .
Mitochondrial Inheritance
About 20 % of mitochondrial diseases are inherited maternally as little or no mtDNA is transferred from the sperm to the fertilized egg. Mitochondrial diseases can also occur sporadically or be inherited in an autosomal dominant or recessive manner. Approximately 70-85 % of mitochondrial diseases are caused by a nuclear gene mutations rather than a mtDNA mutation [6] . To date, more than 200 mtDNA point mutations or deletions have been associated with mitochondrial diseases primarily affecting respiratory chain function [5] . Since 2006 approximately 100 nDNA mutations that cause mitochondrial disease have been described [5, 7] . Most nuclear gene defects affect the assembly and structure of the respiratory chain protein complexes, the transport of proteins into the mitochondria, or the maintenance of the mtDNA itself [8] . Generally, children seem to have more severe disease related to nDNA mutations that decrease respiratory chain function or impair mtDNA maintenance, whereas many late-onset mitochondrial diseases are related to mtDNA point mutations or deletions that must meet a tissue-specific threshold before disease symptoms manifest.
Treatment
Supportive treatments used to modify respiratory chain dysfunction have traditionally focused on the use of vitamin cofactors or antioxidants, diet manipulation, and/or exercise therapy (Table 1) [8, 9] . Pfeffer et al. [7] identified 12 randomized studies that controlled for bias and had clear outcome measures relevant to mitochondrial disease between 2003 and 2012. Their final analysis identified several weaknesses, including 1) complex and variable phenotypes, even among individuals with the same mitochondrial disorder; 2) difficulties comparing outcome measures when multiple organ systems were affected; 3) the use of multiple endpoints without clearly defined clinical relevance; and 4) the general lack of natural history studies for any group of mitochondrial diseases [7] .
Vitamin Cofactors/Antioxidants
Vitamin A Vitamin A could be beneficial in the management of mitochondrial disorders as it has recently been described that the retinol form is a key regulator of mitochondrial function in vitro. Retinol appears to be an essential cofactor of protein kinase C (PKC) and needs to physically bind PKC to form a PKC-retinol complex in order to signal pyruvate dehydrogenase complex that increases flux of pyruvate into the Citric acid cycle.
This work with cell cultures demonstrated that retinol was essential for respiration and ATP synthesis [10] .
B Vitamins
The B vitamins, including thiamine (B1), riboflavin (B2), and nicotinamide (B3), have been used alone or in combination to promote electron flux through the proximal respiratory chain as nicotinamide is a precursor of NADH, thiamine is a cofactor of pyruvate dehydrogenase, and riboflavin is the precursor of flavin adenine dinucleotide. To date, no studies support the effectiveness of these vitamin cofactors [7, 9] .
Vitamin C and Vitamin K Vitamin C and vitamin K3 (Menadione) have been used for both their antioxidant effects and as electron acceptors to bypass complex III deficiencies. In a single case report of a patient with complex III deficiency manifested by a myopathy, clinical improvement on both these supplements was documented by 31 P-magnetic resonance spectroscopy findings, although the improvement was short-term [9] . Since then, vitamin K3, specifically, has fallen out of favor as it is has been found to inhibit the function of DNA polymerase γ (POLG) by as much as 50 % of normal function. Although vitamins K1 and K2 were also studied they had no impact on POLG activity at the same concentrations. Menadione showed selective, dose-dependent inhibition of POLG [11] . As POLG is the only polymerase in mammalian mitochondria and it plays a key role in mitochondrial DNA replication, this supplement may not be appropriate to use in patients with recognized mitochondrial depletion syndromes.
CoQ
CoQ shuttles electrons from complexes I and II to complex III [1, 2, 9] . The biosynthesis of CoQ depends on the mevalonate pathway and is the end result of cholesterol biosynthesis. It is the most commonly recommended mitochondrial supplement used to treat mitochondrial diseases and primary CoQ disorders [9] . CoQ is used as a powerful antioxidant, a respiratory chain electron carrier, and to treat disorders of primary CoQ deficiency [1, 9] . To date, clinical trials using CoQ have not demonstrated clinically significant findings aside from the primary CoQ disorders [2] . Currently, there is on ongoing randomized, controlled trial using CoQ in patients with primary mitochondrial disease (http:// www.clinicaltrials.gov/).
Idebenone
A synthetic water-soluble form of CoQ, Idebenone, crosses the blood-brain barrier and has been used in therapeutic trials in patients with Friedreich Ataxia [2, 9] . This autosomal recessive disease is caused by a trinucleotide repeat in frataxin, a protein critical for iron-sulfur (FeS) subunits of complexes I, II, and III. Initial studies suggested a beneficial effect of Idebenone in the treatment of Friedreich ataxiarelated cardiomyopathy [2, 9] .
Idebenone has also been used for LHON in a randomized controlled trial with promising results in the treatment group (46 % visual recovery) compared with the untreated group (32 %), with emphasis on early treatment [12] .
Carnitine
Carnitine homeostasis in humans is maintained by a combination of dietary intake from red meat and dairy products, endogenous biosynthesis from lysine and methionine, and renal reabsorption. In skeletal and cardiac muscle, carnitine is vital to the import of long-chain fatty acids into the mitochondrial matrix for subsequent fatty acid oxidation [1, 9] 
Creatine
Creatine is a guanidino compound produced endogenously by the liver, kidney, and pancreas that requires the amino acids arginine and glycine to be synthesized [2, 9] . Methionine is also used to supply a methyl group to the overall structure. Creatine can be taken up by the brain, heart, and skeletal muscle utilizing a sodium-dependent transporter. Two randomized studies of creatine monohydrate supplementation ± lactulose demonstrated no clinical significance in treatment outcomes [2] .
N-acetylcysteine
In respiratory chain defects, mitochondria were shown to be highly sensitive to oxidative stress. For that reason, Nacetylcysteine, the N-acetyl derivative of the amino acid cysteine, as it increases the glutathione pool and subsequently antioxidant defenses, might be an interesting therapeutic option [2, 9] .
Alpha Lipoic Acid
Alpha lipoic acid is an essential cofactor of the E2 component of inner mitochondrial α-ketoacid dehydrogenase enzymes, pyruvate dehydrogenase, α-ketoglutarate dehydrogenase, and branched chain α-ketoacid dehydrogenase complexes for energy production and the regulation of carbohydrate and protein metabolism [14, 15] . Pyruvate dehydrogenase catalyzes the oxidative carboxylation of pyruvate and plays a critical role in carbohydrate metabolism and bioenergetics between anaerobic and aerobic energy metabolism. It is the entry point of carbohydrates into the citric acid cycle (CAC).
Lipoic acid is synthesized and almost entirely covalently bound to the E2 component of three α-ketodehydrogenase complexes and the glycine cleavage system in humans. Although dietary intake is not essential, when lipoic acid is supplemented it is readily absorbed and functions as a redox modulator and antioxidant [14, 15] . Rodriguez et al. [15] studied 16 participants with various mitochondrial disorders and 3 with biochemical evidence, suggesting a mitochondrial disorder. The active cocktail comprised 3 g creatine monohydrate with 2 g of dextrose, 300 mg alphalipoic acid, and 120 mg CoQ [15] . To date, no single studies of lipoic acid in patients with mitochondrial diseases has occurred.
Dichloroacetate
Dichloroacetate has been studied in small numbers of patients with mitochondrial myopathies, chronic progressive external ophthalmoplegia, Kearne-Sayre syndrome, Leigh syndrome, mitochondrial encephalopathy lactic acidosis and stroke-like episodes (MELAS), congenital lactic acidosis, and 1 patient with a mtDNA depletion syndrome [16] [17] [18] [19] . Most of the studies have included children and adults with multiple mitochondrial disorders, making results difficult to interpret. Study designs have been double blind, placebocontrolled crossover trials with washout periods of various lengths between study arms [16] [17] [18] [19] . Statistically significant decreases in blood lactate, pyruvate, and alanine at rest and after exercise and improvements on brain MRS, including a reduction of the brain lactate/creatine ratio, increase in brain choline/ creatine ratio, and statistically significant increase in the N-acetyl aspartate (NAA)/creatine ratio, have been reported in some, but not all, studies [16, 17] . A single study including only adults with the common MELAS mutation 3243A>G mtDNA was discontinued owing to peripheral nerve toxicity. Of note, no significant differences were noted in the outcome measures of this group [18] .
Resveratrol
Resveratrol, a naturally-occurring polyphenol and SIRT1 activator extracted from grape skins, induces mitochondrial biogenesis, improves aerobic capacity through deacetylation and activation of peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a), and corrects fatty acid oxidation defects in vivo [9, 20] . Resveratrol diminished neurodegeneration in the hippocampus, prevented learning impairments and decreased PGC-1a acetylation. Resveratrol also exerted neuroprotective effects on midbrain dopaminergic neurons exposed to several types of insults, suggesting potential benefits in the management of Parkinson's disease [9, 20] . The effect of resveratrol on the SIRT1 pathway that modulates a number of factors affecting fatty acid oxidation, mitochondrial biogenesis, and neuroprotection from some human neurodegenerative disorders makes this a promising future intervention for patients with mitochondrial diseases.
Amino Acid Supplements
The pathogenesis of the stroke-like episodes that characterize MELAS syndrome remain unclear; however, vasoconstriction is likely involved, as well as altered brain vascular endothelial function [21, 22] . L-arginine administration during the acute phase and prophylactically appears effective. L-arginine is a nitric oxide synthase substrate that stimulates nitric oxide synthase to generate nitric oxide (NO) and Lcitrulline, alleviating vasoconstriction by maintaining the NO-mediated vasodilation [23] . Additionally, L-citrulline raised the NO levels higher than L-arginine alone, though the authors did recommend randomized controlled studies in other mitochondrial disorders where stroke-like episodes also occur [23] .
Diet Manipulation
High-fat diet may benefit some patients with mitochondrial disorders, such pyruvate dehydrogenase or complex I deficiencies. This effect may be the ability of fatty acidoxidation to feed electrons through electron transfer flavoprotein bypassing complex I [9] . It has also been reported that rats fed a high-fat diet had an increase in muscle mitochondrial biogenesis resulting in increased mtDNA copy number, increases in mitochondrial enzyme levels, and increased mitochondrial fatty acid oxidation [9, 24, 25] . The ability of fatty acids to stimulate mitochondrial biogenesis may explain the beneficial effects of a high-fat diet in pyruvate dehydrogenase or complex I deficiencies.
Mild-to-moderate (20-40 %) calorie restriction without over-restriction of any particular food group has been shown to extend the mean lifespan of mice, rats, and monkeys. Initial studies suggested this effect could be attributed to a decreased metabolic rate and decreased oxygen consumption with a decrease in the generation of reactive oxygen species. More recent studies suggest that calorie restriction activated mitochondrial biogenesis and improved OXPHOS [9] . Sirtuin 2 (Sir2)-related proteins are nicotinamide adenine dinucleotide-dependent protein deacetylases that appear to mediate the lifespan extension in yeast and eukaryote models [26] . SIRT1, a SIRT2 ortholog, is activated by calorie restriction and increases in mitochondrial biogenesis in multiple mouse tissues, including brain, liver, kidney, heart, and adipose tissue by activating the complex nicotinamide phosphoribosyltransferase pathway [9, [26] [27] [28] . The fasting-induced regulation of SIRT1 activity is likely hypothalamus specific [27, 28] . Calorie restriction appears to increase mitochondrial autophagy that leads to an increase in healthy mitochondria and a decrease of unhealthy mitochondria in skeletal muscle [28] .
Nutritional modulation has a major effect on mitochondria and therefore holds considerable promise as a therapeutic intervention. Treatments used for patients with inherited OXPHOS disorders have generally given disappointing results, with the exception of CoQ therapy in primary CoQ deficiencies [2, 9] . However, a high-fat diet, such as a modified Atkins and/or ketogenic diet, remain promising therapeutic options for some mitochondrial diseases. Newer pharmacological interventions that activate the SIRT1/PGC1a pathway also deserve future clinical study.
Exercise
In recent studies, exercise training has shown promising results as a treatment for exercise intolerance in patients with mitochondrial disease. Exercise has been found to stimulate PGC-1α and promotes mitochondrial biogenesis [29] . Resistance training, such as weight-lifting, has shown a shift towards wild type heteroplasmy in the muscle satellite cells in patients with larger mtDNA deletions [30] . Exercise has also been shown to improve the symptoms of exercise intolerance in this patient population [31] . Endurance training, via aerobic exercise, has shown dramatic results in the POLG mutator mouse, a mouse model of aging [32] . When these mice were exercised from birth for 5 months, they were phenotypically identical to wild type mice, had no signs of multisystem pathology, as seen in their litter mates (alopecia, sarcopenia), and had a normal lifespan. Exercise promises to be an effective therapeutic intervention in patients with both primary and secondary mitochondrial disease. Although future clinical trials need to be performed, clinicians should be prescribing a supervised exercise program to patients affected by mitochondrial disease, as it has been found to be safe and effective as a therapy [33, 34] .
Future Considerations
PGC1a and SIRT1 activators PGC-1a upregulation stimulates OXPHOS in cells harboring mtDNA mutations and may therefore provide therapeutic benefits in patients with mtDNA disorders [9] . PGC-1α overexpression has also been found to delay symptom onset and to increase the lifespan in a mouse model of muscle cyclooxygenase deficiency generated by muscle-specific inactivation of COX10. In mouse models, activation of the peroxisome proliferatoractivated receptor (PPAR)/peroxisome proliferator-activated receptor-gamma coactivator-1alpha pathway has been shown to induce mitochondrial biogenesis leading to a delayed onset of myopathy, as well as a prolonged lifespan [35] . Bezafibrate, a known PPAR agonist, had a similar effect. Bezafibrate has also been shown to increase several mitochondrial functions, including enzyme activities and protein levels in human fibroblasts with respiratory chain deficiencies [36] . Therefore, modulation of the PPAR/PGC-1a pathway may hold promise for the treatment of mitochondrial disorders. Similarly, despite the absence of therapeutic trials or data from cultured cells or animal models, SIRT1 axis modulation using the most potent natural SIRT1 activator, resveratrol, may prove useful in patients with mitochondrial diseases [36] .
Triheptanoin (C7)
The impairment of ATP production in mitochondrial disease is due to failure of the respiratory chain, but can also be attributed to other metabolic pathways occurring in the mitochondria. Secondary impairments may exist in fatty acid oxidation owing to a depletion of CAC intermediates or the physical association of mitochondrial fatty acid oxidation and oxidative phosphorylation subunits [37] . Patients with primary mitochondrial disease often develop symptomatic and biochemical evidence of a secondary defect in the CAC and fatty acid oxidation [38] . Further evidence of this association arrived when a cause of complex I deficiency was reported to be due to mutations in ACAD9, a long chain fatty acid enzyme, and was also reported in an infant with mitochondrial disease who was diagnosed with targeted whole exome sequencing [39, 40] . Supplementation with medium chain triglycerides [predominantly composed of octanoate (C8) triglyceride] has been suggested to help mitochondrial disease by bypassing long-chain fatty acid oxidation and producing acetyl-CoA as substrate for the CAC. However, it does not replete any other potentially reduced CAC intermediates. Therefore, anaplerotic therapy (supplementation with compounds that lead to the production of CAC intermediates) is an attractive possibility to improve energy production and alleviate symptoms such as hypoglycemia, myopathy, and cardiomyopathy. One potential anaplerotic supplement for use in these disorders is oral triheptanoin (a C7 triacylglyceride). Complete mitochondrial b-oxidation of heptanoate yields two acetyl-CoA molecules and one propionyl-CoA. Propionyl-CoA can subsequently be converted to succinate, a key CAC intermediate. A compassionate use study using triheptanoin for patients with long chain fatty acid oxidation disorders has shown that triheptanoin is superior than medium chain triglyceride oil with outcome measures that include decreased hospitalizations for rhabdomyolysis, improved quality of life, and a decrease in muscle pain and hypoglycemia. Therefore, anaplerotic therapy is an attractive possibility to improve energy production and alleviate symptoms in primary mitochondrial disease due to these deficits in alternative pathways, and a future clinical trial is underway.
Epi-743
Epi-743 is a para-benzoquinone analog developed to have improved pharmacologic properties and therapeutic efficacy than either CoQ or Idebenone. Epi-743 has a unique redox potential secondary to its lipid side chain structure making it more potent than either CoQ or Idebenone and affording improved protection to cells subjected to oxidative stress related to mitochondrial disease [41] . To date, two open-label clinical trials have been completed using Epi-743 in multiple mitochondrial diseases. The first study included 13 children and 1 adult with molecularly confirmed polymerase γ (POLG1) deficiency, Leigh syndrome, MELAS, mtDNA deletion syndrome, and Friedreich ataxia-all of which were at risk for end-of-life care. Safety and efficacy measures included biochemical, neurological, quality-of-life, and brain redox assessments using technetium-99 m-hexamethylpropyleneamine oxime single photon emission computed tomography radionuclide imaging [41] . Twelve of the 13 patients patients treated with EPI-743 survived with various levels of clinical improvement and/or improved quality of life. EPI-743 had modified disease progression in >90 % of patients in this open-label study, as assessed by clinical, quality-of-life, and noninvasive brain imaging parameters [41] . In the second open-label trial, EPI-743 successfully stopped disease progression and reversed vision loss in 4 of 5 patients with LHON [42] . In 2012, Martinelli et al. [43] reported another open-label study on 10 patients with Leigh's syndrome who received oral Epi-743 three times daily and all had reversal of disease progression, improvement on movement disorder rating scale, and improved brain glutathione levels.
Dexpramipexole
Dexpramipexole [DEX; KNS-760704; ((6R)-4,5,6,7-tetrahydro-N6-propyl-2,6-benzothiazole-diamine] is an investigational drug that has been used to treat oxidative stress in liver cells of patients with amyotrophic lateral sclerosis [44] . Oxidative stress or cellular injury can result in secondary mitochondrial dysfunction, which has been linked to many chronic neurodegenerative disorders, including amyotrophic lateral sclerosis and Parkinson's disease. Mitochondrial dysfunction can lead to increased conductance mitochondrial membrane currents, and bioenergetics efficiency. Inefficient energy production puts cells at risk of death if energy demands exceed energy production. DEX and cyclosporine A inhibited increases calcium-induced ion conductance in rat brain mitochondria, as well as that caused by treatment with a proteasome inhibitor [44] . Cyclosporine A inhibited calcium-induced permeability transition in liver-derived mitochondria. In cultured cortical neurons, DEX significantly decreased oxygen consumption and maintained or increased the production of ATP [44] . DEX was found to be protective against proteasome inhibitor cytotoxicity [44] . This study suggests that DEX increases the oxidative phosphorylation efficiency and therefore may be useful as therapy for other types of mitochondrial diseases.
Conclusions
There are no proven therapies for primary mitochondrial disorders that cause respiratory chain deficiencies, owing, in part, to the lack of randomized, controlled clinical trials and small sample sizes. Initiatives such as the North American Mitochondrial Disease Consortium show promise for the future of mitochondrial therapeutics by developing patient registries that should improve access to clinical trials for both researchers and patients. Additionally, the North American Mitochondrial Disease Consortium can facilitate natural history studies in homogenous populations of patients with specific mitochondrial diseases, as well as defining clinically relevant endpoints in order to develop a broad range of therapeutic options for patients with these progressive disorders [3] . Future research for effective therapies to treat mitochondrial diseases need to include natural history, as well as therapeutic trials in animal models of mitochondrial diseases that can provide critical information regarding mechanisms of action and safety prior to human trials. To that end, the Food and Drugs Administration and several National Institutes of Health initiatives are supporting new research for rare diseases, including disorders impacting on respiratory chain function ( Table 2) .
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